Abstract. The experimental results for the determination of the form of thin cylinders (Ø ~ 2.5 mm) as well as step heights of gauge blocks (~ 100 µm) and roundness profiles of test samples from metal or glass with different diameters between ~ 2.5 mm and 80 mm using two multi-wavelength diode laser interferometers are presented and discussed.
Introduction
The development of laser diodes is mainly stimulated by mass applications, e.g. for consumer products and fibre-optic communication. For these applications the main criteria are power, reliability and price. The ultimate frequency stability has not been of major interest so far. This has impeded the progress of diode laser interferometry over the last few decades.
For interferometry laser diodes have been a promising light source since they emerged about 50 years ago. They have some obvious advantages compared with gas lasers with regard to their size, price, life time, efficiency and optical output power, also they do not require high voltage supply. On the other hand, the frequency stability (∆f/f) is significantly smaller (~ 10 -3 for an uncontrolled diode) and depends strongly on temperature and injection current [1] . Other disadvantages are the spectral ageing of the diode laser and the bad beam quality. These disadvantages can be compensated by suitable frequency stabilising methods and by using special optics, respectively, so that the large number of advantages offered by the diode laser become effective in dimensional metrology.
The emission frequency of a diode laser can be passively stabilised by controlling the diode's parameters current and temperature [1] or by using an external resonator [2] . The active stabilization of the frequency, i.e. spectral ageing-independent, can be realized by coupling the diode laser direct to an external reference such as Fabry-Perot-Etalon (> 10 -8 ) [3] or an atomic (Cs, Rb, Ca) or a molecular (J 2 , H 2 O) absorption line ( < 10 -10 ) [3] [4] [5] . With external reference stabilisation, the longterm stability of the HeNe laser most used in dimensional metrology can be also attained for diode lasers.
Nevertheless, diode lasers are an interesting alternative to gas lasers in a number of applications. So for the measurement of angle for the determination of guiding errors of machine tools and measuring machines, refractive index of air [6] , surface topography and length of incremental scales and tapes, the frequency stability of ~ 10 -6 for a parameter stabilised diode laser is, in general, small enough [7] . Moreover a diode laser stabilised to a Fabry-Perot-Etalon as a reference (wavelength stability < 10 -7 ) can be used as a common light source for multi-axis interferometers for coordinate measuring machines [8] due to the high radiant power emitted ( < 100 mW). In addition a diode laser presents an irreplaceable light source in multi-wavelength interferometry and phase shift interferometry due to its large emission range (400 nm-1500 nm) and large tunability range (some nm) [9] . In this article three applications of diode lasers in length measurements will be presented: interferometrical form measurements of thin cylinders, step heights and roundness profiles.
Interferometrical Form Measurement of Thin Cylinders
There are several different methods for form measurements of thin cylindrical objects. The most commonly used technique is the mechanical sensing of the rotated specimen by a stylus. The main disadvantage of this approach is the possible deformation or abrasion of the specimen caused by the probing force of the stylus. Other measurement techniques, which are non-tactile, like laser scanning or optical edge recognition, are less accurate. Furthermore, all mentioned methods require a rotary table, which may decrease the accuracy of measurement. Subsequently, a novel contactless and non-scanning interferometrical measurement technique for cylinders with diameters less than 2.5 mm is presented [10] .
The experimental setup is shown in Fig. 1 . The light sources are three diode lasers with wavelengths λ i of approx. 671 nm, 655 nm and 827 nm respectively. In order to stabilize the diode lasers and to identify the exact wavelength the laser beams are split up into a reference beam, which illuminates the photo detector, and a signal beam, which illuminates a second detector after having twice passed an iodine cell. By analysing the difference signal between the two detectors and a comparison of this absorption spectrum to a calculated iodine spectrum, the respective wavelengths can be identified and stabilised by a PID control.
The Laser beams are spatially filtered by a single mode fibre, collimated by a lens and split up by a beam splitter cube into a reference wave and an object wave. The object wave illuminates the specimen, which is fixed in a fully translatable and tiltable specimen holder within a conic mirror. The reflected light from the specimen is then superposed under a slight angle on the reference wave and imaged on a CCD camera.
The spatial phase distribution is derived from the recorded interferogram by a Fourier-transformmethod which is similar to those mentioned in [11, 12] . A 2-dimensional Fourier-transform is calculated from the interferogram. The tilted mirror M2 causes a phase gradient between object-and reference-wave, which leads to a spatial separation between the image and the zero order in the 2-dimensional Fourier spectrum. Then the symmetrical part of the Fourier spectrum is cut out by a weighting function and transformed back by an inverse Fourier-transform. From the so derived complex function the amplitude and the phase modulo 2π can be calculated. The superposed phase gradient is eliminated by substraction of a calculated phase gradient. The phase difference finally represents the spatial phase distribution modulo 2π and in case of no phase jumps it also represents the quantitative form of the measured object. If the phase variations exceed a height of λ/2, a synthetic wavelength λ ij can be used to extend the measurement range. To obtain the spatial phase distribution of the synthetic wavelength, the interferogram is recorded with two different By using three different wavelengths for form measurements it is possible to change the sensitivity and therefore the scale of the measurement depending on the requirements of the specimen. Figure 2 shows three form measurements of a ceramic cylinder with a diameter of 2.5 mm. The calculated spatial phase distributions represent the view from top into the conic mirror with the measured cylinder standing in the center. The phase difference from black to white is λ/2 and λ ij /2 respectively. Due to the rough surface and low reflectivity of the ceramic cylinder, the phase images have a high noise and the use of filtering algorithms reduced the lateral resolution. In Fig. 2a which has been recorded using only one wavelength of 671 nm, structures and scratches along the axis of the cylinder can be clearly resolved with an uncertainty of less than 10 nm. Furthermore, this Fig. 2a shows the limitation of single-wavelength measurement since many structures are higher than 335 nm and therefore cause phase jumps. Figure 2b shows a twowavelength measurement of the same cylinder. The use of a synthetic wavelength of 3.56 µm makes it possible to resolve almost all structures on the surface of the cylinder without a phase jump. Furthermore, an elliptical deformation of the cylinder can be noticed. The measurement uncertainty can be estimated to be smaller than 100 nm. In Fig. 2c a synthetic wavelength of 27.78 µm has been used for form measurement. In this scale no detailed structures can be seen, but a coarse elliptical deformation of the cylinder can be deduced. The uncertainty of measurement in this scale can be estimated to be less than 1 µm.
The presented measurement results show that this method is capable of measuring the surface morphology of cylindrical objects with nanometre resolution for single-wavelength measurements. Furthermore, it is possible to measure with less resolution and a higher uncertainty coarse surface deformations by using an appropriate synthetic wavelength.
Interferometrical Measurement of Step Heights
Precise measurements of step heights and surface profiles have various applications in quality assurance and inspection. The common method of mechanical probing using stylus instruments has limitations at surface steps and soft surfaces. Conventional laser interferometers show ambiguous results if distance variations of more than half a wavelength occur. Using multiple wavelengths λ i,j the accessible range of unambiguousness can be extended to half the synthetic wavelengths λ ij =λ i λ j/ (λ i -λ j ). The phase of the optical wavelengths can be unwrapped. This method is limited by phase noise, which is increased by the ratio of the optical to the synthetic wavelength. This affects the capability to identify the interference orders of the optical wavelength.
As shown in Fig. 3 the beams of three diode lasers with different wavelengths are coupled into a single mode fibre which is connected to a simple unbalanced Michelson interferometer without polarization optical components.
One arm of the interferometer leads to the reference mirror, the light of the other arm is focused onto the sample, which can be moved in both lateral directions with mechanical stages. By wavelength modulation of the lasers via their currents at different frequencies (around 1 MHz), the interference signals of the three wavelengths can be separated by lock-in technique using only one photo detector [13] .
In order to demonstrate the measuring range of the experimental setup the surface of a step arrangement was scanned. It was made up of three gauge blocks with lengths of 1.01 mm, 1.08 mm and 1.10 mm, mounted side by side on a base plate with a gap of ~ 0.37 mm between them. In this way step heights of 20 µm and 70 µm were realized. The phase of all three optical wavelengths (779.5 nm, 822.9 nm and 825.3 nm) can be calculated unequivocal within half of the longest λ ij (~290 µm). This simultaneously leads to three independent measurements of the surface profiles. The difference between the height information z i given by the three lasers is plotted in Fig. 4 . The results differ by less than 20 nm over the whole scanning length of 26 mm. The oscillations shown in Fig. 4 are residuals from the signal detection by the three lock-in amplifiers [13] .
Interferometrical Measurement of Roundness Profiles
A further possible application of the developed multi-wavelength diode laser interferometer (see Fig. 3 ) is the measurement of roundness deviations. A commercial instrument is used for roundness measurements on samples from steel, Al, Ni and glass with diameters from 2.5 mm to 80 mm. The measurements were carried out with the original tactile probe and with the interferometer as probe. The results show that this interferometrical method is capable of measuring roundness deviations between 0.1 µm and 22 µm [14] . The measuring uncertainty depends considerably on the reflexion properties of the surface of the test sample.
On cooperative surfaces, e.g. glass half spheres, roundness deviations of less than 0.1 µm and 0.08 µm for measurements with the interferometer and the tactile probe, respectively, could be observed. On such smooth surfaces, however, it is not necessary to use the synthetic wavelengths since a simple counting of the interference fringes is possible.
On surfaces with poor optical quality, e.g. a multiwave roundness standard made from Al, the fringe counting method could not be applied. In this case the roundness deviations are calculated with λ ij of 14 µm from the phases of the optical wavelengths 780.1 nm and 825.7 nm. Roundness deviations of less than 21 µm and 22.5 µm are measured for the interferometer and the tactile probe, respectively. The difference is due to the relatively large uncertainty of the synthetic wavelength The curves are shifted by 20 nm used. Thus, a multi-wavelength diode laser interferometer is capable of measuring objects not possible to be measured using one-wavelength interferometers. Also, a temporary loss of the signals, e.g. due to poor reflecting parts of the surface, only leads to missing data for these areas and does not lose the height information as it would be the case for the fringe counting method.
Conclusion
The method of multi-wavelength interferometry using diode lasers is emphasized for length measurements on poor reflecting surfaces or with steps larger than half the optical wavelength. The form of thin cylinders (Ø ~ 2.5 mm) and step heights of gauge blocks (100 µm) are measured with an uncertainty less than 10 nm and 20 nm, respectively. Measurements on a multi-wave roundness standard from Al (Ø ~ 80 mm) show roundness deviations of less than 21 µm for the interferometer compared with 22.5 µm for the tactile probe.
